Potato virus Y (PVY) is the type member of the genus Potyvirus in the family Potyviridae. It infects several important crops in the Solanaceae family, including potato, tobacco, tomato, and pepper (4, 26) . PVY is ubiquitous in distribution, causing significant yield loss and quality degradations on the potato crop worldwide (7, 19, 21, 26, 31) . A great diversity in strains of PVY has been noted and several main strain groups have been classified (9, 11, 12, 21, 32) . In general, these strain groups can be categorized into nonrecombinant and recombinant categories. The former includes the common (ordinary) strain (PVY O ), the potato stipple streak strain (PVY C ), the tobacco veinal necrosis strain (PVY N ), and its derivative, the nonrecombinant potato tuber necrotic strain (North American [NA]-PVY NTN ) (15) (16) (17) (2, 9, 10) . It is noteworthy that Eu-PVY NTN has been reported in many potatogrowing areas in the world, whereas the PVY NTN-NW /PVY NTN -HN2 has only been reported in Syria and China to date (2, 9, 10 ).
An increase in PVY incidence in potato crops has been observed in North America over the last decade (3, 7, 19, 21, 29) . This increase is at least partially due to the emergence of novel PVY strains or isolates that may cause only mild symptoms in most commonly grown cultivars and by the increased production of susceptible cultivars that do not develop clear-cut symptoms, thus evading symptom-based rogueing and field inspections (7) . Considering the significance of symptom recognition in PVY management, characterization of different potato cultivars in response to infection by different PVY strain or isolate groups is of great interest to potato growers and the field inspectors.
Symptom expression in host plants upon PVY infection is determined by the virus strain, isolate, or variant type and the host plant species and its genotype (24, 25) . It is further affected by environmental factors (e.g., temperature and light intensity), plant physiological conditions (e.g., plant age), and, more importantly, whether the infection is primary (current season infection) or secondary (tuber-borne) (5, 24, 33) . The symptoms induced by PVY O includes mild to severe mosaic, leaf and stem necrosis and leaf drop in many potato cultivars, and mosaic on tobacco (7, 22, 29) . Symptoms elicited by PVY N are generally milder than PVY O in most potato cultivars, ranging from symptomless to mild to severe mosaic, with severe veinal, petiole and stem necrosis, and premature leaf death occurring on infected tobacco (4, 17, 21, 22, 28 NTN -Sl (14-18)-were used in this study. Viruses were maintained in tobacco hosts in the greenhouse at the Potato Research Centre, Agriculture and AgriFood Canada (PRC-AAFC). Prior to the inoculation, the strain or isolate identity and purity was verified by reverse-transcription polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assay (ELISA) as described previously (14) (15) (16) (17) (18) 29) .
Virus-free tissue culture plantlets of 14 potato cultivars (namely, 'AC Chaleur', 'CalWhite', 'Cherokee', 'Eramosa', 'Goldrush', 'Jemseg', 'Katahdin', 'La Rouge', 'Ranger Russet', 'Red LaSoda', 'Russet Burbank', 'Russet Norkotah', 'Superior', and 'Yukon Gold') were obtained from the Plant Propagation Centre (New Brunswick Department of Agriculture, Aquaculture and Fisheries). The plantlets were transplanted to 6-in. (15.2 cm) pots containing premixed soil in the greenhouse with a cycle of 16 and 8 h (light and darkness, respectively). The ambient light was supplemented with artificial light or shading to give a light intensity of 90 µm 2 /s. The temperature was 18 to 22°C and the humidity was 75%.
Virus inoculation and symptom observation. For the primary infection experiments, four potato tissue culture plantlets of each cultivar were mechanically inoculated with PVY isolates on each of the three uppermost leaves at the six-leaf stage as described previously (29) , and grown in a greenhouse. Plantlets inoculated with the inoculation buffer (mock) (10 mM phosphate buffer, pH 7.5, with 32 mM sodium sulfite) served as control treatments. Foliage symptoms were monitored daily after inoculation until harvest. For each pot, tubers were harvested and observed. Tuber symptoms, mainly necrotic ringspots or potato tuber necrotic ringspot disease (PTNRD), were checked at harvest and monthly post harvest for up to 4 months. The experiments were repeated two times. In the first repeat, the differences of tuber yield between virusinoculated plants and mock-inoculated (control) plants were visually observed and estimated. In the second repeat, the yield of each plant was measured and statistically analyzed using a t test.
Tubers resulting from the above plants were used for the secondary infection experiments in both the greenhouse and field. The experiments were repeated two times, each using tubers resulting from one of the two primary infection experiments. For the secondary infection experiments in the greenhouse, one progeny tuber from each of the above primarily infected plants were planted in 6-in. (15.2 cm) pots and grown in a greenhouse under the conditions described above. Foliage symptoms, including the symptom type and symptom development, were recorded every other day after plant emergence until harvest. Upon harvest, tubers from each plant were observed for PTNRD. The tubers were reexamined for PTNRD monthly post harvest for up to 4 months. The impact of PVY infection on yield was measured as described above in the primary infection experiments.
For the secondary infection experiments in the field, 10 progeny tubers of the primarily infected plants from each virus isolatepotato cultivar combination were planted in one row, 3 feet (91. ) (Phytodiagnostics) was used to verify the serotypes of the inoculum prior to the mechanical inoculation, whereas ELISA with the serotypenonspecific antibody PVY-Poly (Neogen Europe) was used for the infection experiments. The ELISA was carried out as described previously (27, 29) at the Agricultural Certification Services. For the primary infection experiments, leaves located above the inocu- lated leaves were sampled at 21 days post inoculation (dpi) and used for ELISA; whereas, for the secondary infection experiments, leaves were sampled at 21 days post plant emergence (dpe) for the ELISA.
Four sets of RT-PCR assays-including the P1-gene-based RT-PCR (15), the RJ-based RT-PCR (17), the CP-gene-based PVY O variant differentiation RT-PCR (14) , and the multiplex RT-PCR described by Lorenzen et al. (13) -were used to confirm the PVY isolate or strain purity and identity. Total RNA from leaves located above the inoculated leaves at 28 dpi in the primary infection experiments or from the upper leaves at 30 dpe in the secondary infection experiments was extracted using the sodium sulfite method (30) . RT-PCR assays were performed as described in the above-mentioned articles.
Results

PVY strain or isolate characterization by RT-PCR and ELISA.
To reveal the responses of different potato cultivars to different PVY strain groups, 14 potato cultivars and five PVY isolates belonging to four strains were used. The isolates were genotyped using P1-gene-based RT-PCR (15) followed by the RJ-based RT-PCR (17) (data not shown). whereas the PVY O -RB (Fig. 1B, lanes 3 and 4) exhibited a PVY O -RB/139 variant-banding pattern (399 + 238 bp), consistent with the previous report (14 (14, 17, 18) . The infection of potato plants with the intended PVY isolates or strains was confirmed by the RT-PCR assays and ELISA analysis in both primary and secondary infection experiments. In addition, no mixed infections were detected from any of the samples.
Symptoms induced by PVY isolates upon mechanical inoculation. Local lesions (LL) on the inoculated leaves were the first visible symptom that occurred at 6 to 8 dpi (Fig. 2) 
namely, mosaic and necrosis) were observed. The mosaic type of responses included symptoms ranging from symptomless to varying degrees of mosaic (Fig. 3B-H) , leaf rugosity ( Fig.  3D-H) , and leaf deformation (Fig. 3D-H) . The necrotic type of responses included systemic necrotic spots (Fig. 3L ) and veinal necrotic streak (Fig. 3P) . The necrotic responses were often followed by rapid aging, leaf drop (Fig. 4, top (Fig. 4, top panel, PVY O -FL and PVY NTN -Sl), and, sometimes, premature death of the whole plant (Table 1) . Chlorotic spots (Fig. 3, I , J, and M) were also observed in some cultivars, such as Jemseg infected with PVY O isolates. The chlorotic spots further developed into necrotic spots (Fig. 3, K, N, and O) . The detailed responses of the potato cultivars to PVY isolates are summarized in Table 1 Fig. 4 ) in most of the tested cultivars.
It is interesting to note that tubers of PVY NTN -infected AC Chaleur, Cherokee, and Yukon Gold plants, which exhibited a certain degree of systemic foliage necrosis, developed necrotic ringspots ( Fig. 4; Supplementary Figure S2) . 
yield loss that occurred in necrotic-type responses caused by these PVY isolates than mosaic ones.
Effects of secondary infection with PVY isolates on symptom expression in potato cultivars in the greenhouse and the field. To determine whether secondary (tuber-borne) PVY infection exhibits symptomatology similar to that of primary infection, progeny tubers of the PVY-infected plants were planted in the greenhouse and the field. Overall, the symptoms resembled those of the primary infection for the respective cultivar and strain or isolate combinations (Tables 2 and 3 ; Fig. 4; Supplementary Figures S1-S4 ). Necrotic type responses in current-season-infected plants always resulted in similar responses in the progeny plants whereas the mosaic type of responses in the primarily infected plants resulted in mosaic type of reactions in the daughter plants. Nevertheless, the symptoms were usually more obvious or more severe in plants with the secondary infection. For instance, CalWhite, which was nearly symptomless in primary infections (Table 1) , developed mild but obvious mosaic with all PVY isolates except PVY N -Jg in secondary infections (Fig. 5) . The same trend was true for Red LaSoda, Russet Norkotah, and Russet Burbank ( Table 2 ). In cultivars (e.g., Jemseg, Eramosa, Ranger Russet, Yukon Gold, and AC Chaleur) exhibiting necrotic responses to PVY O infection, more visible severe leaf deformation, systemic necrosis, leaf drop, and premature plant death were observed in the secondary infection (Tables 2 and 3 (Fig. 4) and Jemseg. In the field trial, similar trends were observed in all cultivars infected with the respective PVY isolates (Table 3) . It is particularly noteworthy that PVY N -Jg incited noticeable symptoms, although relatively mild, on most cultivars under the field conditions at 55 dpe (Table 3) . PTNRD was observed in both primary and secondary infections in AC Chaleur, Yukon Gold, Cherokee with PVY NTN , and Cherokee with PVY N -Jg (Fig. 4) under both greenhouse and field conditions, demonstrating that PTNRD could be induced in both current-season and tuber-borne infections.
A similar trend in yield reduction caused by various PVY isolates was observed in secondary infections. No tubers were produced in AC Chaleur, Jemseg, and Ranger Russet infected with PVY O -FL or Ranger Russet infected with PVY O -RB due to early premature plant death (Table 2; Supplementary Table S2) 
Discussion
A wide range of responses has been described in host plants in reaction to PVY infection (24, 26) . Using five PVY isolates belonging to four strains and 14 commonly grown potato cultivars, diverse responses of potato to PVY infection were observed in this study. Clearly, the type and severity of responses were determined by potato cultivar and PVY strain or isolate, and were affected by whether the infection was primary or secondary. In spite of considerable differences in symptom expression among potato cultivars, PVY O was the most severe strain overall, followed by PVY NTN Studies have demonstrated that the symptom intensity of PVYinfected plants of potato cultivars is not a reliable indicator for yield loss (8, 23) , and high yield loss has been reported in some cultivars with mild symptoms upon PVY infection (20) . In this study, the potential impact of PVY isolates on the yield of potato cultivars was assessed in the potted plants in the greenhouse. As expected, the cultivars that exhibited necrotic responses to PVY O resulted in greater yield reduction when they contracted the iso- ) that only incited mosaic reactions at an early stage of plant growth. Nevertheless, for cultivars that only developed mosaic-type reactions to all isolates, a yield reduction up to 46.1% was observed in primary infections. Undoubtedly, these results should only be used as a preliminary assessment for the potential impact on yield by PVY isolates or strains, and more refined field experiments are needed in order to accurately reveal the yield losses in each cultivar due to the infection with each PVY isolate.
Visual symptoms are relied on for the management (e.g., rogueing) and inspection of seed potato crops during the growing season in North America. In this study, the difficulty for symptombased identification of PVY-infected plants is demonstrated. Although a certain degree of symptoms, mainly mild mosaic, was observed in most cultivars with most PVY isolates, the symptoms were sometimes only visible at a narrow window of time in both primary and secondary infections. This is particularly true for cultivars such as CalWhite, Russet Norkotah, and Red LaSoda, as well as virtually all cultivars infected with PVY N . Evidently, the visual inspections should be supplemented with more special and sensitive testing methods such as ELISA or RT-PCR, as suggested by others (7, 31) . 
